
Cholinergic stimulation of the immune system protects against
lethal infection by Salmonella enterica serovar Typhimurium

Introduction

Inflammation is an important defence mechanism protect-

ing the organism from the devastating effects of invading

pathogens or tissue injury. This process is mediated by a

number of cytokines, including tumour necrosis factor-a
(TNF-a), released by macrophages and other cells of the

innate immune system. Unrestrained inflammatory reac-

tion, however, has a deleterious effect that can result in

systemic inflammation and lethal shock. Therefore, the

inflammatory response needs to be tightly regulated. Regu-

latory mechanisms that act to contain excessive inflamma-

tion include humoral factors, e.g. glucocorticoids and anti-

inflammatory cytokines such as interleukin-10 (IL-10),

and neuronal elements, including both the sympathetic

and the parasympathetic nervous systems (for review, see

ref. 1). It has been suggested that an ‘inflammatory reflex’

involving the vagus nerve plays a crucial role in modulat-

ing immune function and controlling inflammation.2,3

Afferent fibres of the vagus nerve are stimulated by pro-

inflammatory cytokines and relay the impulse to the

nucleus tractus solitarii in the medulla oblongata and to

higher brain centres. From there, efferent vagus nerve

fibres innervate lymphatic organs, thereby inhibiting the

production of pro-inflammatory cytokines, in particular

TNF-a. As the neurotransmitter acetylcholine released by

vagus nerve terminals is crucial for inhibiting the inflam-

matory response, this pathway has been termed the

‘cholinergic anti-inflammatory pathway’.2 Several lines of

evidence support this mechanism. During endotoxaemia,

electric stimulation of the vagus nerve reduces systemic

TNF-a levels, and pro-inflammatory cytokines are elevated
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Summary

The cholinergic nervous system has been demonstrated to attenuate the

inflammatory response during sepsis via the inhibitory action of acetyl-

choline (ACh) on macrophages. These findings were largely based on

experimental sepsis models using endotoxin as the inducing agent.

Herein, however, we report that the specific inhibition of acetylcholines-

terase (AChE) renders animals more resistant to infection by a virulent

strain of Salmonella enterica serovar Typhimurium, a Gram-negative

enteric pathogen. Inhibition of AChE was induced by a subchronic expo-

sure to paraoxon, a potent anti-cholinesterase metabolite of the organo-

phosphorous compound parathion. Our findings indicate that inhibition

of AChE enhanced survival of infected mice in a dose-dependent fashion

and this correlated with efficient control of bacterial proliferation in target

organs. Immunologically, inhibition of AChE enabled the animals to

mount a more effective inflammatory anti-microbial response, and to

secrete higher levels of interleukin-12, a key T helper type 1-promoting

cytokine. The ACh-induced enhancement in resistance to infection was

abrogated by co-administration of an oxime which can reactivate AChE.

Hence, in a model of Gram-negative bacterial infection, cholinergic stimu-

lation is shown to enhance the anti-microbial immune response leading

to effective control of bacterial proliferation and enhanced animal sur-

vival.

Keywords: acetylcholine; cholinergic anti-inflammatory pathway; innate

immunity; organophosphate; salmonella infection
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after vagotomy.4,5 Vagotomy exacerbates inflammation in

murine models of aseptic pancreatitis6 and colitis,7

whereas nicotine treatment attenuates the inflammatory

response. Acetylcholine inhibits TNF-a release by binding

to the a7 type of the nicotinic acetylcholine receptor,

which is expressed by macrophages.5

Whereas cholinergic activation reduces disease activity in

sterile inflammation (reviewed in ref. 8), the role of cholin-

ergic modulation in the immune response to microbial

infection is still a matter of controversy. Vagotomy signifi-

cantly increased mortality in murine polymicrobial sepsis9

and nicotine administration improved survival in a murine

sepsis model induced by caecal ligation and puncture.10 In

contrast, mortality was enhanced by nicotine treatment in

a septic peritonitis model induced by intraperitoneal injec-

tion of Escherichia coli.11 In this E. coli-induced peritonitis

model, although nicotine treatment reduced pro-inflam-

matory cytokine release, it also resulted in a concurrent

reduction in neutrophil influx and diminished anti-micro-

bial activity, leading to impairment of bacterial clearing

and consequently heightened mortality.

One way of potentially stimulating the ‘cholinergic

anti-inflammatory pathway’ is through the administration

of acetylcholinesterase (AChE) inhibitors. This enzyme is

responsible for terminating the action of the neurotrans-

mitter acetylcholine, and its inhibition leads to acetylcho-

line accumulation. Studies assessing the effect of systemic

AChE inhibition upon mortality after pathogen-induced

sepsis have, however, yielded conflicting results. Using a

septic shock model by injecting endotoxin derived from

E. coli, one study failed to detect any beneficial effect of

additional injections of the AChE inhibitor neostigmine.12

In contrast, another group observed that intraperitoneal

injections of either nicotine or the AChE inhibitors phy-

sostigmine or neostigmine significantly reduced lethality

after sepsis induced by caecal ligation.13 In addition, sig-

nificant reductions in the concentrations of TNF-a and

other circulating pro-inflammatory cytokines as well as in

the binding activity of nuclear factor-jB were observed

following the injection of AChE inhibitors.13 However, in

neither of the two above studies were AChE activities

determined, precluding any direct correlation between the

observed effects and AChE levels.

Clearly, any modulation of immune system activity

must be performed with the view of maintaining an effi-

cient immune response against infections while reducing/

minimizing the harmful effects of dysregulated produc-

tion of pro-inflammatory mediators. The differences in

the reported findings between the models are a reflection

of whether the experimental systems use live pathogenic

organisms or non-viable bacterial products. Using a dif-

ferent approach, we have recently inhibited AChE activity

by administering the organophosphorous compound

(OPC) paraoxon over a period of 6 weeks.14 The OPCs

include a wide variety of substances with a broad range

of physical, chemical and biological properties. They are

toxic because they irreversibly inhibit AChE and exposure

to lethal OPC doses leads to death as the result of an

acute cholinergic crisis resulting in cardiovascular and

respiratory failure.15 The current standard antidotal treat-

ment includes a combination of atropine and oxime-type

AChE reactivators, which cleave the phosphyl moiety

from the AChE molecule, thereby restoring its enzymatic

function. The therapeutic usefulness of the established ox-

imes pralidoxime and obidoxime is still controversial,16–18

so new asymmetric bispyridinium oximes (K-27 and

K-48) have been synthesized,19 which possess low toxicity

and promising reactivation parameters.18,20,21

In a previous study, we demonstrated that a 6-week

administration of low doses (0�5 mg/kg body weight) of

the OPC paraoxon, the active metabolite of the insecticide

parathion, had no effect on the survival of mice exposed to

a systemic infection with Salmonella enterica serovar

Typhimurium (hereafter S. typhimurium).14 However, dur-

ing this treatment regimen, blood AChE activity was only

reduced during the first 3 weeks and returned to normal

levels thereafter. The aim of the present study therefore was

to determine whether exposure to low doses of paraoxon

for 1, 2 or 3 weeks, time-points at which AChE activity is

significantly decreased, had any effect on survival following

infection with a pathogenic strain of S. typhimurium. In

this animal model, control of the infection requires a

robust T helper type 1 (Th1) response as well as neutraliz-

ing anti-Salmonella antibodies.22–24 The essential roles of

pro-inflammatory cytokines, including IL-12, interferon-c
(IFN-c) and TNF-a, in resistance to Salmonella infection in

mice as well as in humans is well documented.25–28 The

present data demonstrate that cholinergic activation of

splenic macrophages, through the inhibition of AChE by

subchronic exposure to paraoxon, confers enhanced pro-

tection against a lethal infection with a virulent strain of

S. typhimurium. Survival of paraoxon-exposed animals

correlated with an enhanced immune response to infection

by splenic macrophages, the ability to produce higher

IL-12 serum cytokine levels, and more efficient control of

bacterial growth in the target organs. The decreased mor-

tality of paraoxon-exposed mice was directly dependent on

AChE levels because the co-administration of the AChE

reactivator, K-27, completely abolished the protective effect

elicited by paraoxon.

Material and methods

Experimental animals

BALB/c mice were purchased from Harlan Olac (Bicester,

UK) and bred in the animal facility of the Faculty of

Medicine and Health Sciences, UAE University. Male

mice aged 8–10 weeks (weight range 20�2–26�9 g) were

used for the experiments. Mice received rodent chow and
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water ad libitum. All studies involving animals were car-

ried out in accordance with, and after approval of the

animal research ethics committee of the Faculty of Medi-

cine and Health Sciences, UAE University (Protocol no.

AE/06/81).

Chemicals

Paraoxon (Sigma Chemical Co., St Louis, MO) stock

solution (100 mmol/l) was prepared in dry acetone.

Working solution for intraperitoneal (i.p.) injection was

prepared ex tempore in pyrogen-free saline to a final con-

centration of 80 nmol/ml. Each mouse received 40 nmol/

day of paraoxon in 0�5 ml volume (equivalent to

0�44 mg/kg body weight). Control mice received an

equivalent volume of pyrogen-free saline (Sigma). The

K-27 oxime was generously donated by Dr Kuca (Univer-

sity of Defence, Hradec Kralove, Czech Republic). A

10 mM solution of K-27 was prepared ex tempore in pyro-

gen-free saline. Each mouse received a daily injection of

0�5 ml, equivalent to 5 lM/day of K-27.

Experimental protocol

Twenty age-matched BALB/c mice were randomly assigned

into two groups (10 animals per group). Group I served as

control and received daily injection of sterile saline. Group

II mice received daily injection of 40 nmol paraoxon. All

injections were given i.p. daily for 5 days, followed by a

2-day break, and this cycle was repeated for a total of

3 weeks. Blood from the tail vein was collected on day 5 of

the 7-day cycle, routinely 30 min after paraoxon or saline

injection, for the determination of red blood cell (RBC)

AChE activity. Mice were also weighed at this time. At the

end of the treatment, all animals were killed and blood,

thymus and spleen were collected. Serum was prepared and

stored frozen until further analysis. In some experiments,

treated mice were infected (routinely following the 2-day

break) via the oral route with a virulent strain of S.

typhimurium and either killed at specific time-points, as

indicated below, or followed for survival for up to 60 days.

Bacterial strain and growth conditions

The characteristics and the preparation of log-phase bac-

terial suspensions of S. typhimurium strain SL1344 have

been described elsewhere29 and the procedure for oral

inoculation was detailed previously.30 For all experiments,

bacterial doses were confirmed by colony-forming units

(CFU) plate counts.

Enumeration of bacteria in organ homogenates

To determine the bacterial load in target organs, mesen-

teric lymph nodes (MLN), spleens and livers were

removed aseptically and homogenized in 2 ml cold sterile

saline, as previously described.29 A 100-ll aliquot of the

homogenate, or an appropriate dilution, was plated on

T-soy agar plates and viable CFUs were determined after

an overnight incubation. Duplicate plates were set up for

each dilution or experimental group.

Cell preparation

Erythrocyte-depleted spleen cell suspensions were pre-

pared in supplemented RPMI-1640 medium with 5% fetal

calf serum (GibcoBRL, Paisley, UK), essentially as previ-

ously described.22 Cells were cultured in the presence or

absence of Concanavalin A (Con A) or lipopolysaccharide

(LPS) at 2�5 and 10 lg/ml concentrations, respectively.

Cells were incubated for 24–48 hr at 37� with 5% CO2.

Culture supernatants were collected, spun free of any

cells, and kept at )20� until assayed for cytokines.

Acetylcholinesterase activity of red blood cells

The detailed procedure for determining AChE enzyme

activity in RBC was recently described.14 Briefly, freshly

drawn, diluted, venous blood samples were incubated

with 5,5’-dithio-bis 2-nitrobenzoic acid (DTNB; 10 mM)

and ethopropazine (6 mM) for 20 min at 37� before the

addition of acetylthiocholine. The change in the absor-

bance of DTNB was measured at 436 nm. The AChE

activity was calculated using an absorption coefficient of

TNB) at 436 nm (e = 10�6/mM/cm). The values were nor-

malized to the haemoglobin (Hb) content (determined as

cyanmethaemoglobin) and expressed as mU/lM/Hb.31 All

enzyme activities were expressed as percentage of the

baseline activity (100%).

K-27 studies

Age-matched BALB/c mice were assigned randomly to

four groups of 10 animals each. Group I received saline,

Group II received paraoxon, Group III received the K-27

oxime and Group IV received K-27 oxime plus paraoxon,

simultaneously. Mice received daily injections for a period

of 3 weeks at the end of which they were infected with

virulent Salmonella strain to follow survival.

In vivo survival studies

Twenty age-matched BALB/c mice were randomly

assigned into the control and experimental groups (10 ani-

mals per group) following the same treatment per group

as detailed above. After 1, 2 or 3 weeks of treatment, ani-

mals were orally infected with a lethal dose (� 1�5 · 104)

of a virulent strain of S. typhimurium (SL1344). Survival

of animals was recorded for up to 60 days after challenge.

Simultaneously, another 10 mice (five mice/group) which
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were also exposed to paraoxon for 3 weeks were identi-

cally infected and blood was collected and analysed for

cytokine content at days 3 and 9 post-infection. Spleen,

liver and MLN were analysed for bacterial load at day 9.

Cytokine analysis

Culture supernatants of ex-vivo-cultured spleen cells and

serum samples were analysed for cytokine content and for

nitric oxide production as detailed previously.22,32 Produc-

tion of IL-2 and IFN-c was quantified following culture of

spleen cells for 24 hr (IL-2) or 48 hr (IFN-c) with or with-

out Con A. Production of IL-6, IL-12/IL-23p40 and TNF-a
was determined in supernatants of splenocytes cultured

with or without LPS for 24 hr. Levels of IL-12/IL-23p40

were also determined in serum at different times post-

infection. The sensitivity of detection was 30 pg/ml for

IFN-c and TNF-a, and 15 pg/ml for IL-2, IL-6 and IL-12/

IL-23p40. Accumulation of nitrite was used to determine

the production of nitric oxide (NO) according to the Griess

method. The nitrite concentration was determined from a

standard curve prepared using sodium nitrite (5–100 lM),

5 lM being the lower limit of detection.

Flow cytometric analysis

At the end of treatment, single spleen cell suspensions

were prepared from treated animals as detailed previ-

ously.14,22 Briefly, cells were double-stained, according to

the following combinations, with a pair of directly conju-

gated monoclonal antibodies specific to: T-cell receptor

Cb chain (H57) and B220 (CD45R), CD4 and CD8, Gr-1

and F4/80, CD3 and CD69, B220 and Sca-1 (Ly6A/E),

H57 and Sca-1, and F4/80 and Sca-1 (all antibodies were

purchased from eBioscience, San Diego, CA). Cell stain-

ing was performed for 30 min on ice and washed cells

were analysed on a FACScan (Becton Dickinson, Moun-

tain View, CA). Data collected on 20 000 cells were analy-

sed using CELLQUEST software (Becton Dickinson).

Statistical analysis

To test statistical differences of the changes in body

weight and in RBC AChE activity over time, Mann–Whit-

ney U-test was performed at the individual time-points

(1, 2 and 3 weeks). In addition, the Mann–Whitney

U-test was performed over the entire period, during

which time significant differences were demonstrable. Dif-

ferences in spleen weight and in its cellular composition

were analysed statistically after 3 weeks using Student’s

t-test. For survival analysis, the log rank (Mantel–Cox)

test for Kaplan–Meier functions was applied using the SPSS

15�0 program (IBM, Chicago, IL). Differences between

experimental groups were considered significant when P-

values were � 0�05.

Results

AChE activity in mice exposed to paraoxon for
3 weeks

We first tested the effect of paraoxon exposure on RBC

AChE activity. After 1 week of exposure to paraoxon, the

AChE enzymatic activity was reduced to 38% of baseline

value (Fig. 1). The reduced AChE activity continued dur-

ing weeks 2 and 3 of exposure. In contrast, the enzyme

levels in saline-treated controls were not significantly dif-

ferent from baseline values throughout the 3-week period

of treatment. Differences in the AChE activity between

paraoxon and saline-treated groups were highly significant

(P � 0�005) at all time-points. These results are in line

with the expected mechanism of action of paraoxon as a

specific inhibitor of AChE enzyme.

Effect of paraoxon exposure on lymphoid tissue

Next, we evaluated the effect of paraoxon exposure on

peripheral and central lymphoid organs by examining the

size and cellularity of the spleen and thymus. The results

demonstrated that paraoxon induced a 48% increase in

spleen weight compared with controls, which was signifi-

cant (Fig. 2a; P = 0�0037). Similarly, organ cellularity,

which reflects the total number of viable cells per organ,

was increased by 30% in spleens of paraoxon-exposed

mice (Fig. 2b; P = 0�016). In contrast, there was no

significant effect on the weight or cellularity of the

thymus in paraoxon-treated mice (data not shown). The

influence of paraoxon on specific populations of lym-

phoid and myeloid cells in the spleen was analysed by
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Figure 1. Reduction of red blood cell acetylcholinesterase (RBC

AChE) activity in paraoxon-treated mice. Mice were treated for

3 weeks with saline, paraoxon, K-27 oxime, or paraoxon + K-27.

Enzyme activity was measured following Ellman’s method, as

detailed in the Materials and methods. All enzyme activities are

expressed as percentage of the baseline activity (100%). Depicted are

the mean values ± SEM of 17 animals per group pooled from two

independent experiments. Asterisks denote significant differences

between saline and paraoxon groups (***P < 0�001).
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flow cytometry. The results of this analysis are presented

in Fig. 2(c–e) as individual graphs depicting the percent-

ages of resting and activated (Sca-1+) B lymphocytes

(Fig. 2c), resting and activated (Sca-1+) T lymphocytes

(Fig. 2d), and splenic macrophages (F4/80+ cells) as a

percentage of the total spleen pool (Fig. 2e). There was

no significant change in the percentage of splenic B cells

(resting or activated) following paraoxon treatment

(Fig. 2c). Similarly, no significant changes were observed

in the ratios of resting T-cell subpopulations following

paraoxon exposure; however, a small but significant

decrease was observed in the percentage of activated Sca-

1+ T cells, from 10�5 ± 1�0% in control group to

7�4 ± 0�7% in paraoxon-treated mice (Fig. 2d). Finally,

paraoxon exposure induced a small but significant

increase in the percentage of F4/80+ macrophages, from

5�3 ± 0�3 to 7�7 ± 0�1%, (Fig. 2e). These findings indicate

that, overall, paraoxon had only a limited effect on spleen

cell subpopulations following a subchronic, 3-week, expo-

sure.

Functional in vivo and ex vivo responsiveness

Next, we studied the ex vivo response of spleen cells of

saline or paraoxon-exposed mice to Con A or LPS mit-

ogens. The results of this analysis are shown in

Fig. 3(a–f). The functional response of macrophages was

determined by the production of inflammatory cyto-

kines, including IL-6, TNF-a and IL-12, as well as NO,

a key anti-microbial effector molecule (Fig. 3a–d). The

results showed that in response to LPS induction,

splenocyte cultures from paraoxon-exposed animals pro-

duced significantly higher amounts of IL-6, TNF-a and

NO compared with saline controls (Fig. 3a–c). Interest-

ingly, however, no differences in IL-12/IL-23p40 levels

were observed (Fig 3d). The functional response of T

lymphocytes was measured by the levels of IL-2 and

IFN-c (Fig. 3e,f) produced following mitogenic stimula-

tion with Con A, a T-cell mitogen. As shown, Con A-

induced spleen T cells of saline or paraoxon-exposed

mice produced almost indistinguishable levels of IL-2

and IFN-c cytokines. As a control, spleen cells cultured

in the absence of Con A produced no detectable

cytokines. Finally, the effect of paraoxon exposure on

cytokine levels in vivo was also evaluated by measure-

ment of serum concentrations of IL-12/IL-23p40, a

component of the pro-inflammatory cytokines IL-12

and IL-23, in treated mice immediately after the 3-week

exposure period. The data presented in Fig. 3(g) indi-

cate that the levels of IL-12/IL-23p40 protein in the

sera of both groups of mice were equivalent. Taken

together, these data demonstrate that paraoxon expo-

sure had no effect on the in vivo activity of spleen

cells, as ex vivo cultured cells failed to secrete any cyto-

kines constitutively. However, in mitogen-stimulated

cultures, splenocytes from paraoxon-treated mice pro-

duced higher amounts of IL-6, TNF-a and NO (all of

which being products of macrophages) while secreting
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equivalent levels of IL-2 and IFN-c (products of T lym-

phocytes) to saline-treated animals.

AChE-dependent enhancement of anti-bacterial
immune responses

Next, we tested whether paraoxon could influence the

host immune response to infection. Mice were exposed to

paraoxon or saline for 1, 2 or 3 weeks and then infected

with a virulent strain of S. typhimurium and followed for

survival for up to 60 days. After 1 week of paraoxon

exposure, overall survival of treated mice was slightly

increased compared with saline controls (40% versus

20%, respectively; Fig. 4a). This difference, however, was

not statistically significant and the median survival for

both groups was identical (18 days). In mice in which

exposure to paraoxon was extended for 2 weeks, per cent

survival was enhanced to 50% with a median of 42 days

compared with 20% and a median of 17 days in controls

(Fig. 4b). Lastly, mice exposed to paraoxon for 3 weeks

showed a dramatic enhancement in their overall survival

with 80% of mice surviving the lethal infection and a

median of > 60 days, the maximum period of observation

(Fig. 4c). This is in sharp contrast to the saline-treated

group where per cent survival was only 18�2% with a

median of 13 days. The differences between paraoxon-

exposed and control mice were statistically significant

(P = 0�007). The enhanced resistance to infection is

directly linked to paraoxon-induced inhibition of AChE

level, because the co-administration of an oxime (known

as K-27), which acts as a cholinesterase reactivator,

negated the enhanced survival (Fig. 4d). Co-administra-

tion of K-27 with paraoxon effectively blocked AChE

inhibition (see Fig. 1). Mice given K-27 alone exhibited
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Figure 3. Functional responsiveness of lym-

phoid and myeloid cells. At the end of a

3-week exposure to saline or paraoxon, single

spleen cell suspensions were cultured in the

presence or absence of lipopolysaccharide

(LPS; a–d), or concanavalin A (Con A; e,f ).

Culture supernatants were collected and tested

for interleukin-6 (IL-6) (a), tumour necrosis

factor-a (TNF-a) (b), nitric oxide (c), IL-12/

IL-23p40 (d), IL-2 (e) or interferon-c (IFN-c)

(f). Blood was also collected from each mouse

and the serum level of IL-12/IL-23p40 protein

was determined (g). Each data point represents

the mean ± SEM of nine individually assayed

mice per group. Asterisks denote significant

differences between control and paraoxon

groups (*P < 0�05). The results represent

pooled data from three independent experi-
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no alteration in RBC AChE enzyme activity compared

with baseline over the 3 week-exposure period (Fig. 1).

As can be seen in Fig. 4(d), the enhanced survival exhib-

ited by paraoxon-treated mice (69�3% survival and a

median of > 60 days) was completely reversed by the co-

administration of K-27, with mice in this group showing

a survival of 14�3% with a median of 14 days (Fig. 4d;

paraoxon + K-27 group). Mice treated with K-27 alone

showed an overall survival of 28% with a median of

15 days, which was not statistically significantly different

from saline controls. These data strongly suggest that the

activity of AChE enzyme may directly or indirectly influ-

ence host resistance to bacterial infection.

Serum cytokine analysis and organ bacterial load in
infected animals

Resistance to Salmonella infection is mediated through

the induction of an appropriate pro-inflammatory Th1

response and activation of macrophages, the main host

target cells for Salmonella organisms.33,34 To understand

the basis of the enhanced survival of paraoxon-treated

mice, the serum levels of IL-12/IL-23p40, a component of

the critical Th1-inducing cytokine IL-12, were assessed in

infected mice at 3, 6 and 9 days after Salmonella inocula-

tion. As shown in Fig. 5(a), equivalent baseline levels of

IL-12/IL-23p40 were detected in the sera of mice pre-

exposed to saline or paraoxon before infection (day 0) or

at day 3 post-infection. However, at day 9 post-infection,

paraoxon-exposed mice had 2�2-fold higher cytokine

levels than the saline controls (2295 ± 274 pg/ml in

paraoxon group versus 1054 ± 109 pg/ml for saline

group; P = 0�0036). These results demonstrate that mice

pre-exposed to paraoxon have a higher capacity to

respond to a lethal bacterial infection by mounting an

effective Th1 response (mediated through the release of

IL-12) in comparison with the saline pre-treated group.

This was confirmed by the significantly higher bacterial

loads detected in spleens (Fig. 5b) and MLNs (Fig. 5c) of

infected mice. Enumeration of bacterial CFUs at day 9

post-inoculation revealed > 15-fold increase in splenic

CFUs in the saline-pretreated group compared with the

paraoxon group (P = 0�046). Similarly, > 29-fold higher

CFUs were observed in bacterial loads in MLNs

(P = 0�009). Hence, paraoxon exposure enhances the abil-

ity of animals to mount an effective immune response

against a lethal bacterial pathogen.

Discussion

The initial aim of the current study was to investigate

potential toxic effects of exposure to paraoxon on the

immune system. The findings reported herein demon-

strate that the administration of up to 40 nmol paraoxon

daily for a total period of 3 weeks had no deleterious

effects on the immune system, either phenotypically or

functionally. Contrary to expectations, this level of parao-

xon exposure resulted in an apparent enhancement of

immune system function, in particular as it pertains to

mounting an effective and protective immune response

against a lethal Gram-negative bacterial infection. Our

data suggest that paraoxon exerts its influence on the

immune system rather indirectly, most likely via its inhib-

itory action on AChE enzyme which, in turn, leads to a

build-up in the levels of ACh. Our data suggest that

paraoxon does not induce immune effector functions
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Figure 4. Exposure to paraoxon improves

resistance to virulent infections. Mice were

treated for 1 week (a) 2 weeks (b) or 3 weeks

(c) with paraoxon or saline by daily intraperi-

toneal injections. At the end of the treatment

period, mice were infected orally with a dose

of 1�0 · 104 to 1�5 · 104 organisms of SL1344

strain of Salmonella typhimurium and followed

for survival up to day 60 post-infection. To

determine the effect of acetylcholinesterase on

enhanced survival, mice were co-administered

the K-27 oxime, with or without paraoxon,

(d). Results are representative of two indepen-

dent experiments. Asterisks denote significant

differences between control and paraoxon

groups (*P < 0�05; **P < 0�01). Chi squared

(Mantel–Cox) statistical test was used for this

analysis.
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directly. Instead, paraoxon appears to induce changes in

major lymphoid organs, such as the spleen, that evidently

allow the animals to respond more efficiently to bacterial

infections.

Several lines of evidence have demonstrated that the

nervous system plays a role in the regulation of immune

responses. Electron microscopic studies provided struc-

tural evidence that the vagus nerve, the major parasympa-

thetic nerve, innervates lymphoid tissues such as spleen

and thymus and that the nerve terminals form synaptic

contacts with lymphoid cells.35 Moreover, muscarinic and

nicotinic ACh receptors (AChR) are expressed on many

cell types of the immune system, including lymphocytes,

macrophages and dendritic cells,36,37 suggesting that ACh

may act as a neuroimmunomodulator in interactions

between the nervous and immune systems. Several func-

tional studies demonstrated that the interaction between

the nervous and immune systems is vital for modulating

innate immune responses and controlling inflamma-

tion.4,38 Previous studies had shown that ACh, the princi-

pal parasympathetic neurotransmitter, attenuates the

release of cytokines form LPS-activated macrophages

in vitro via the a7 nicotinic AChR.5,39 Furthermore, stim-

ulation of the vagus nerve protects against septic shock in

experimental septicaemia.4,13 Currently, it is thought that

cholinergic stimulation of splenic macrophages via the

vagus nerve results in the induction of an anti-inflamma-

tory pathway that counteracts endotoxaemia-induced

inflammation.40–42

One of the main consequences of a dysregulated

immune system is increased susceptibility to microbial

infections, as we have previously demonstrated in animals

following a chronic exposure to lead.30 To determine if

paraoxon exposure had any effect on susceptibility to

infection, mice were treated with paraoxon for 3 weeks

and then inoculated with a lethal dose of the facultative

enteric pathogen S. typhimurium. Protection against S. ty-

phimurium requires Th1-type immune responses.22–24,43

Moreover, a robust antibody response is known to be

required for resistance against virulent Salmonella infec-

tion.22,44,45 Our results demonstrated that, contrary to

expectations, paraoxon treatment rendered the animals

more resistant to Salmonella infections. Importantly, the

effect of paraoxon on anti-bacterial immunity was shown

to directly correlate with the extent of inhibition of AChE

enzyme activity. Based mainly on studies using animal

sepsis models, cholinergic activation has been shown to

induce an anti-inflammatory response, acting to attenuate

the extent of inflammation and hence promoting better

animal survival.2 Many of these studies use purified endo-

toxin to induce sepsis in what has come to be known as

sterile inflammation models.4 In reality, human sepsis is

caused by bacterial infections and it is therefore critical to

study the role of the cholinergic system in animal models

of infection with viable bacterial pathogens. The attenua-

tion of inflammatory responses may be desirable, and

even life-saving, in conditions where non-viable agents

are used to induce sepsis but this would likely be coun-

terproductive in situations where the pro-inflammatory

immune system is required to control the proliferation of

viable microbial pathogens.

In the present study, the administration of paraoxon,

and the concomitant inhibition of AChE, had no appar-

ent effect on macrophage cellular functions, as shown by

the lack of activity of splenocytes cultured ex vivo in the

absence of any added stimulatory agents. However, our

findings demonstrate that paraoxon exposure results in

modest but significant increases in the spleen weight and

the percentage of splenic macrophages. This may underlie

the higher levels of pro-inflammatory and anti-microbial

compounds, including IL-6, TNF-a and NO, released by

macrophages following mitogenic stimulation with LPS.
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Given the fact that the spleen is a major target organ in

Salmonella infections, and the critical role of macrophages

both as target as well as effector cells, paraoxon-induced

changes in the spleen may well be responsible for the

enhanced survival rates following infection with virulent

Salmonella organisms. These findings are somewhat at

variance with recent data demonstrating that in a septic

peritonitis model induced by viable E. coli bacteria, nico-

tine treatment exacerbated the disease and heightened

animal mortality as the result of an inhibition of

anti-microbial responses and a failure to control bacterial

burden.11 However, the experimental design of this study

differed from our current study in several respects. First,

in the peritonitis study, animals were treated with nico-

tine in their water for 4 days whereas our model used

sub-chronic cholinergic activation produced by AChE

inhibition over a period of 3 weeks. Second, AChE inhibi-

tion results in the activation of both muscarinic and

nicotinic AChR, unlike the former study where nicotinic

receptors were the primary targets. Moreover, in our

model, live Salmonella organisms were administered

through the oral route, whereas in the peritonitis model

E. coli bacteria were injected intraperitoneally. Finally,

and perhaps most importantly, the septic peritonitis study

was essentially looking at acute-phase events occurring

within a few hours of bacterial administration. In con-

trast, the current study was designed to investigate the

effect of AChE inhibition on longer-term events in the

immune response to infection.

Paraoxon-mediated inhibition of AChE was effectively

blocked by the co-administration of a reactivator of AChE

(designated K-27), a recently developed oxime-type

cholinesterase reactivator that does not cross the blood–

brain barrier.20,46 Animals that were given paraoxon plus

K-27 were as susceptible to Salmonella infection as saline-

treated control mice, demonstrating a direct correlation

between the enhancement in anti-bacterial immune

defences and the extent of inhibition of AChE enzyme

activity. These results are also in line with our previous

data showing no enhancement in anti-bacterial immune

responses in mice exposed to paraoxon for a period of

6 weeks, a time at which AChE levels have returned to

normal.14 The gradual normalization of AChE enzymatic

activity despite continued dosing with paraoxon is

believed to be the result of the increased synthesis of

AChE enzyme, a naturally triggered response in the body

to the paraoxon-induced decrease in AChE levels.

The observed enhancement in the level of resistance to

bacterial infections is probably mediated through

increased ACh levels. This conclusion is supported by a

recent study, which reported that control of overwhelm-

ing inflammation and improvement in host survival

were dependent on the activation of the cholinergic

anti-inflammatory pathway by systemic cholinesterase

inhibition.13 It is intriguing that continuous dosing with

paraoxon was apparently required to be maintained for

an extended time (� 2 weeks) before the consequences

on resistance to infection were manifested. In studies in

which mice were exposed to paraoxon for 1, 2 or

3 weeks, the level of AChE activity reached a nadir by

1 week of treatment and persisted at this low level for

another 2 weeks. However, when mice exposed for 1, 2 or

3 weeks were challenged with Salmonella organisms, the

per cent survival among the treated groups was 40%,

50% and 80%, respectively. Hence, the longer the period

of enzyme inactivation the better is the survival against

infection. We believe that the continuous dosing with

paraoxon over a period of 3 weeks leads to a cumulative

inhibitory effect on AChE enzymatic activity, which in

turn leads to increased systemic levels of ACh. Following

the cessation of paraoxon treatment AChE activity nor-

malizes gradually, going from a nadir of � 20% of base-

line control 30 min after paraoxon administration to 46%

and 71% after 24 and 48 hr, respectively.47 By 7 days after

the last dosing with paraoxon, RBC AChE enzymatic

activity has reached 92�4 ± 8�9% of baseline control,

essentially a normal level (unpublished data). Other stud-

ies demonstrated that maintenance of low AChE activity

correlates with an accumulation of extracellular ACh lev-

els in rats following perfusion with neostigmine.48 In our

own studies, reversal of the protective effect by the co-

administration of K27 oxime also correlated with reversal

of enhanced release of IL-6 and NO by splenic macro-

phages (M. J. Fernandez-Cabezudo, unpublished observa-

tions). Therefore, it is reasonable to hypothesize that

prolonged inhibition of AChE activity allows for a build-

up in ACh levels, which act via the vagus nerve to pro-

mote the splenic macrophage anti-Salmonella response,

thereby enhancing animal survival.

The possibility that the enhanced survival of paraoxon-

exposed animals might be the result of a potential direct

anti-bacterial effect of paraoxon is unlikely for several rea-

sons. First, the half-life of paraoxon is very short, reported

in one study to be � 3�3 min in rat plasma,49 and in our

experiments mice were infected almost 72 hr after the last

dosing with paraoxon. Second, paraoxon administration

over 6 weeks does not enhance survival after systemic

infection with S. typhimurium.14 Third, bacterial growth

in the presence of high concentrations up to 11 lg/ml) of

paraoxon was not adversely affected (M. J. Fernandez-

Cabezudo, unpublished observations). This, nevertheless,

does not preclude the possibility that paraoxon may influ-

ence host anti-bacterial resistance via other, yet to be

identified, pathways. For example, paraoxon-induced

increase in cholinergic stimulation might have affected the

outcome of the infection by altering bacterial transloca-

tion from the gut following oral infection.

Several studies have demonstrated the importance of

the innate immune response in limiting bacterial multipli-

cation and thereby controlling infection, ascribing impor-
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tant roles for macrophages and natural killer cells in the

acute phase of the infection.50–52 Macrophages are the

host cells for Salmonella and also initiate the innate

immune response to pathogens by producing pro-inflam-

matory cytokines, such as IL-12 and TNF-a. Interleukin-

12 is a known growth factor for natural killer cells, which

have the capacity to rapidly secrete IFN-c, a cytokine with

a potent macrophage-activating capacity. It has been also

shown that in IL-12p40)/) mice infected with S. typhimu-

rium, the levels of IFN-c were reduced and the bacterial

load was increased, resulting in higher mortality rates.26

More recent studies confirmed that IL-12 is essential for

the control of infection of susceptible mice with an atten-

uated strain of S. typhimurium.28 Our results demonstrate

that at day 9 after infection with a lethal strain of Salmo-

nella, control mice pre-treated with saline have become

morbid because of the high level of bacterial burden

within their organs (Fig. 5b,c). This is consistent with

survival curves showing that animals begin to succumb to

an overwhelming infection by day 8 post-inoculation with

virulent Salmonella organisms (Fig. 4). Serum analysis at

this relatively late time period indicated significantly

higher IL-12 levels in paraoxon-treated mice (Fig. 5a),

presumably a reflection of the superior control of bacte-

rial proliferation and enhanced survival observed in these

animals. It has been suggested that susceptibility of

BALB/c mice, the inbred strain used in our study, to

intracellular microbial infections is linked to a defective,

IL-12-dependent, natural killer cell activation early in the

response.53,54 The present data demonstrate that the

defect in BALB/c mice can be overcome through the acti-

vation of the cholinergic system following inhibition of

AChE by paraoxon.

In conclusion, our data clearly demonstrate that sub-

chronic treatment with paraoxon induces an inhibition of

the AChE activity that in turn leads to an enhancement in

anti-bacterial immune defence in inherently susceptible

animals. A more exhaustive and detailed evaluation of the

effect of OPCs on the immune system is needed to explore

their possibility of being used as therapeutic agents.
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